Introduction

Position, topography and characteristics of the Adriatic sea
The Adriatic sea, extending to 45 o 47' N, is the northernmost part of the Mediterranean sea, belonging to the eastern Mediterranean basin. It is located between
Italy and the Balkan Peninsula. As shown on Fig. 1 , it is landlocked on the north, east and west, and is linked with the Mediterranean through the Strait of Otranto to the south. 
Figure 2 about here
The western coast of the Adriatic sea is regular, with isobaths running parallel to the shoreline and depth increasing uniformly seawards. The more rugged eastern coast is composed of many islands and headlands rising abruptly from the deep coastal water.
Physical characteristics of the Adriatic sea (Leksikografski institut, 1979) are summarized in Table 1 . Table 1 About here
Hydrology and meteorology
Geomorphological characteristics of the Adriatic sea (elongated shape, almost land locked position between the mountains situated on Balkan and Italian Peninsulas and relatively shallow waters, especially in northern part) play important part in controlling the dynamics of its waters. Due to its landlocked position, the Adriatic sea is subject to highly variable atmospheric forcing. As a result, the oceanographic properties of the Adriatic sea, like circulation and distribution of its water masses strongly depend on the characteristics of air-sea fluxes (Cushman-Roisin, 2001 ).
The long-term average runoff rate along the Adriatic coast is 5500 -5700 m 3 s -1 , the Po river carrying alone 28% of the total runoff, i.e., 1540 -1600 m 3 s -1 . (CushmanRoisin et al., 2001; Sekulic and Vertacnik, 1996; Raicich 1996 .) It can easily be calculated that on annual scale, total runoff corresponds to annual addition of about 1.3 m thick water layer over the whole basin, which is approximately 0.5 % of the total Adriatic sea volume.
The water exchange pattern between the Adriatic and the greater Mediterranean through the Strait of Otranto, suggests an inflow along the eastern and outflow along the western coast. The outflowing portion of the water exchange though the strait area, consists of a surface Adriatic water and cold outflowing vein of the dense water formed in the Adriatic. The inflowing water from the Mediterranean origin is more saline and warmer. Surface currents are responsible for the transports of an important part of the marine pollutants and for the freshwater dispersion. The circulation regime varies seasonally and inter annually in response to changes in the heating and wind regimes.
Seasonally, the winter circulation is characterized by a prevalence of warmer Mediterranean inflow reinforced by southerly winds. In summer, there is a slightly stronger outflow of fresher and warmer Adriatic water (Cushman-Roisin, 2001 ).
Mainly during the winter, the Adriatic Sea region is under a continuous influence of passing mid-latitude meteorological perturbations and of the wind systems associated with them. The two main wind systems are the Bora and the Scirocco, although Adriatic seawater circulation is also influenced by the local wind Maestral, the northwesterly wind typical of the summer season in the Adriatic. The Bora is a dry and cold wind blowing in an offshore direction from the eastern coast. The Scirocco blows from the southeast (i.e. along the longitudinal axis of the basin) bringing rather humid and relatively warm air into the region. In particular, the Bora produces appreciable buoyancy fluxes through evaporative and sensible heat loss, induces both wind-driven and thermohaline circulation, and, what is most important, is responsible for deep water formation processes (Leksikografski institut, 1979; Cushman-Roisin, 2001 ). Namely, (Ovchinnikov et al., 1985) .
Radioactivity in the marine environment
Radionuclides are of interest to marine scientists for two primary reasons: a) as potential contaminants of the ocean biosphere and b) as radioactive tracers for studies of water masses, sediment movements and various other parameters. The dominant route for the introduction of artificial radionuclides into the environment, until the nuclear accident in Chernobyl on 26 April 1986, has been the radioactive fallout resulting from the atmospheric nuclear weapon tests. Atmospheric nuclear explosions have been conducted since 1945 and were specially intensive in 1960s, i.e., before a nuclear moratorium became effective. However, similar, but smaller tests were performed by the Chinese and French also in the 1970s and afterwards. Therefore, activity concentrations of fission products in most of the environmental samples could be expected to be in good correlation with fallout activity (i.e., surface deposit in Bqm -2 ).
Among the man-made, i.e., anthropogenic radionuclides present in global fallout, The addition of artificial radioactive material to the marine environment inevitably results not only in increased radiation exposure to a marine biota, but also to some added radiation exposure to people who use the sea and its products.
Consequently, concern for safety and radiation protection has worldwide stimulated much basic research dealing with radioactivity in the marine environment. Such investigations take significant part in an extended and still ongoing monitoring programme of radioactive contamination of human environment in Croatia as well (Popovic, 1963 (Popovic, -1978 Bauman et al., 1979 Bauman et al., -1992 Kovac et al., 1993 Kovac et al., -1998 Marovic et al., 1999 Marovic et al., -2002 ).
Tracer studies in the Adriatic Sea
The investigations of radionuclides in the marine environment include studies of man-made ones (fallout radionuclides as well as radionuclides released from various nuclear facilities) that are already present in water, or by releasing specific radionuclides into the water in tracer experiments. It should be noted that for the purpose of a tracer experiments can be used also some non-radioactive elements or substances. In the Eastern Mediterranean Roether et al. have been conducting measurements of transient tracers (such as CFCs, helium and tritium) for more than last two decades (Roether and Schlitzer, 1991; Roether et al., 1994.) 137 Cs distribution in the Eastern Mediterranean (Papucci and Delfanti, 1999; Delfanti, 2003) . In recent study Sanchez-Cabeza et al. (2002) (Fukai et al, 1980) . 137 Cs surface concentrations ranged between 4.2 and 5.5 Bq m -3 over the entire basin (Fukai et al., 1980) including the Adriatic sea (Franic and Bauman, 1993) . The profiles showed subsurface maxima in the upper 400 m and an exponential decrease towards the bottom. It is reasonable to assume that the spatial distribution of 137 Cs was similar to that of a tritium in 1978 (Roether and Schlitzer, 1991.) carry approximately this ratio of 137 Cs to 90 Sr. In the Adriatic sea, the mean value of 137 Cs to 90 Sr ratio in the period 1978 -1985 was relatively constant, being 1.52 ± 0.40 (Franic and Bauman, 1993) , which is in reasonable agreement with the values 1.5 -1.6 determined for other seas (Volchok et al., 1971; Kupferman et al., 1979) . As the consequence of the nuclear accident at Chernobyl, this ratio has been notably altered.
Namely, since refractory components of the Chernobyl debris were deposited closer to the accident location than the more volatile constituents, due to the volatile nature of cesium and the refractory nature of strontium the 137 Cs: 90 Sr activity ratio in the Adriatic region significantly increased. Also, 137 Cs deposition patterns around Europe were extremely nonuniform (EC, 2001) . Consequently, although data on 137 Cs activity concentrations in the sea waters worldwide are available, after the Chernobyl accident it was not possible from these data to estimate 90 Sr activities.
In this paper are presented the results of long-term systematic measurements of 90 Sr activity concentrations in the Adriatic sea water and fallout, which were then used to estimate its mean residence time in the Adriatic sea water, reflecting also the turnover time of sea water in Adriatic itself. Namely, in physical oceanography 90 Sr can be used as radioactive tracer to study water mass transport, due to apparent constancy of stable strontium in the sea at relatively high concentrations of about 8 mg L -1 . However as the levels of 90 Sr activity concentrations in the sea water decreased, studies involving that radionuclide became much scarcer since they involve long, tedious and costly radiochemical procedures.
Literature data on water exchange between the Adriatic and the Ionian seas and turnover time of the Adriatic sea water
The water exchange through the Strait of Otranto between the Adriatic and the Ionian sea has been the subject of a series of experimental investigations and more recently also of some numerical studies, which is extensively presented in Cushman- Summer flux that has been estimated by Orlic et al. (1992) Therefore this results seem to be the most consistent with ADW formation rates. These water fluxes corresponds to the Adriatic sea water turnover time of 0.7 to 1.7 years.
In conclusion, literature data for Adriatic sea water turnover time range from 0.7 to 5 years, although recent estimates obtained from direct current measurements in the Strait of Otranto are on the order of 1 year. For the determination of strontium in fallout and sea water were used radiochemical methods (U. S. Department of Energy, 1957 Energy, -1997 Bauman, 1974) .
Material and methods
Sampling and radioactivity measurements
The radioactivity of 90 Sr was determined by beta-counting its decay product, 90 Y, in a low-background, anti-coincidence, shielded Geiger-Müller counter. Counting time depended on 90 Sr activity concentration in samples, but was never less than 60,000 s, typically being 80,000 s.
Quality assurance and intercalibration of radioactivity measurements were performed through participation in the IAEA and World Health Organization (WHO) international quality control programmes.
It should be noted that the sampling locations were chosen not for the purpose of this investigation, i.e. studies of 90 Sr mean residence time in the Adriatic and water mass transport, but as a part of an extended monitoring programme of radioactive contamination of Croatian environment. 90 Sr activity concentrations in the Adriatic sea were found to be approximately equal on all observed locations, not differing from the rest of the Mediterranean sea (Franic and Bauman, 1993) . It was estimated that approximately 85% of all man-made radioactive contamination in the Mediterranean comes from fallout (UNEP, 1991). Consequently, in the Adriatic, 90 Sr activity concentrations are in good correlation with the fallout activity, the coefficient of correlation being 0.72 (Franic and Bauman, 1993) .
90 Sr activity concentrations in sea water and fallout
Measured
As indicated on Figure 4 , an exponential decline of 90 Sr activity concentrations in sea water followed the nuclear moratorium in 1960s. 90 It should be noted that the Chernobyl accident did not cause any significant increase of 90 Sr activity concentration in sea water, as well as in most of the environmental samples in Croatia, the exception being water samples from cisterns collecting rainwater from roofs etc. . Unlike the atmospheric testing of nuclear weapons, the radionuclides that originated from the Chernobyl accident were not released directly to the upper atmosphere. As the result of a release mechanism (prolonged burning of a graphite moderator from a damaged nuclear reactor) and prevailing meteorological conditions at that time, the less volatile components of Chernobyl debris (e.g., 90 Sr) were deposited closer to the accident location than the more volatile constituents (e.g., 137 Cs) (Aarkrog, 1988) . Thus, 90 Sr was only in minor quantities subjected to global dispersion processes as it was deposited to the surface of Earth within a period of few weeks after the accident. In addition, changing meteorological conditions with winds blowing from different directions at various altitudes and prolonged release from a damaged reactor resulted in very complex dispersion patterns over Europe. Consequently, the Adriatic region, except from the very northern and very southern part, was initially unaffected by the plumes of contaminated air (UNSCEAR, 1988; UNEP, 1991) . Also, the late spring and early summer of 1986 in Croatia were rather dry, leading to relatively low direct radioactive contamination, which was especially true for the Adriatic region (Bauman et al., 1979 (Bauman et al., -1992 respectively (Polikarpov et al., 1991) .
Model of the 90 Sr circulation in the Adriatic sea
To establish a simple mathematical model of the 90 Sr circulation in the Adriatic sea water, the whole Adriatic was considered to be a single, well-mixed water reservoir, although it is probably not entirely true for the deep waters from the pits. However, the volume of these waters is small compared to the volume of the entire Adriatic. However, the observed constant which describes the rate of decreasing of 90 Sr activity concentration in the sea water has to be corrected for the 90 Sr radioactive decay.
Therefore:
where: λ is the decay constant for 90 Sr, i.e., 0.0238 y -1 (ICRP, 1988 ) and 1/k S the mean residence time of 90 Sr in the Adriatic sea (y).
The total, time-dependant 90 Sr activity in the Adriatic sea can be calculated by multiplying the observed activity concentration data in the sea water by the volume of the reservoir:
where:
A AS (t) is the total, time-dependant 90 Sr activity (Bq) in the Adriatic sea, 
where: By fitting the fallout experimental data for the 1963 -2003 period (Fig. 3) , for k f is obtained 0.388 y -1 and for initial value, i.e., D(0), was obtained 112.6 TBq, which corresponds to the surface deposit of 812 Bq m -2 for the year 1963.
Figure 3 about here
As can be seen from the Fig. 3 , the rate of decrease of 90 Sr activity concentration in fallout in 1960s is very fast, slowing ever since. From the exponential curve, the mean residence time of 90 Sr in fallout, 1/k f , was calculated to be about 3 years.
To estimate runoff contribution to the input, it is reasonably to assume that the 90 Sr activity concentrations in runoff depend upon activity concentrations in fallout, since correlation has been found between fallout and sea water activities, as well as between fallout and activities of fresh water (Franic and Bauman, 1993; Bauman et al., 1979 Bauman et al., -1992 . The long-term average runoff rate along the Adriatic coast is 5500 -5700 After combining equation (1) with (2), (3), (4) and (5) 
Equation (6) 
Results and discussion
The mean residence time of 90 Sr in the sea water
By fitting the experimental data to a theoretically predicted curve (6), the unknown parameter k S was calculated to be 0.307 y -1 . Although the model (6) Sr activity concentrations in sea water to exponential curve, to be 12.4 years (Franic and Bauman 1993) .
Error estimation and sensitivity analysis
In order to obtain the standard deviation of T M , Monte Carlo simulations were performed. To be on a conservative side, as well as to simplify calculations, the uniform distribution has been assumed over the A ± s value of 90 Sr sea water activity concentrations for respective years, although normal would be more realistic. For each year the random value was generated over the interval [A -s, A + s] and then from such set of data was estimated the 1/k S value by fitting to the equation (6). The process has been repeated 100 times and 100 values for 1/k S were obtained. The mean value and standard deviation for T M = 1/k S were calculated to be 3.3 ± 0.4 years.
In order to estimate which parameter from the equation (6) Usually it is performed by increasing or decreasing each parameter over its entire expected range by a fixed percentage of the nominal value. In the case of model (6) Sr through the water mass transport form the Ionian sea, yields the values of 2.9 and 3.7 years for a volume increase of 25% and volume decrease of 25% respectively. Finally, increase and decrease of 90 Sr total activity in the Adriatic sea lead to respective turnover times of 3.5 and 2.9 years.
On Fig. 5 is shown how the mean residence time of 90 Sr in the sea water depends upon variation of those three parameters over their default values. As a consequence of direct proportionality between strontium input into the Adriatic sea and its mean residence time in the sea water, it can be argued that 3.3 is the upper limit of the Adriatic sea water turnover time. Namely, resuspension from the sediments could affect 90 Sr activity concentrations, acting as additional input, especially in the northern, relatively shallow part of Adriatic.
The upper limit of 3.3 ± 0.4 years of the Adriatic sea water turnover time, estimated from long term observations of 90 Sr as radiotracer, is in reasonable agreement with the overall literature data discussed in section 1.5.
Conclusions
Over the period of 41 years, 90 Using relatively simple mathematical model describing the rate of change of 90 Sr activity concentrations in the Adriatic sea water, the mean residence time of 90 Sr in the sea water was estimated to be 3.3 ± 0.4 years. However, turnover time of 3.3 years could be regarded as an upper limit averaged over the period of 40 years. As this value reflects the turnover time of the Adriatic sea water, for the spontaneous cleanup of well-mixed pollutant in Adriatic, theoretically it would take up to 3.3 years.
This value is comparable to the literature data for the values of the Adriatic sea water turnover that range from 0.7 -5 years, obtained by studying water flows of the Adriatic sea water through the Strait of Otranto.
As the 90 Sr activity concentrations in fallout and sea water are approaching background values, further improvements in any model that would use radiostrontium as a radioactive tracer are not very realistic. 
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